-ATPase (NKA) is critical for brain function. In both neurons and glial cells, NKA activity is required to counteract changes in the sodium gradient due to opening of voltage-and ligand-gated channels and/or activation of sodium-dependent secondary active transporters. Because NKA consumes about 50% of cellular ATP, sodium homeostasis is strictly dependent on an intact cellular energy metabolism. Despite the high energetic costs of electrical signaling, neurons do not contain significant energy stores themselves, but rely on a close metabolic interaction with surrounding astrocytes. A disruption of energy supply as observed during focal ischemia causes a rapid drop in ATP in both neurons and astrocytes. There is accumulating evidence that dysregulation of intracellular sodium is an inherent consequence of a reduction in cellular ATP, triggering secondary failure of extra-and intracellular homeostasis of other ions -in particular potassium, calcium, and protons-and thereby promoting excitotoxicity. The characteristics, cellular mechanisms and direct consequences of harmful sodium influx, however, differ between neurons and astrocytes. Moreover, recent work has shown that an intact astrocyte metabolism and sodium homeostasis are critical to maintain the sodium homeostasis of surrounding neurons as well as their capacity to recover from imposed sodium influx. Understanding the mechanisms of sodium increases upon metabolic failure and the differential responses of neurons and glial cells as well as their metabolic interactions will be critical to fully unravel the events causing cellular malfunction, failure and cell death following energy depletion. V C 2017 Wiley Periodicals, Inc.
INTRODUCTION
Despite decades of research, stroke still represents one of the leading causes of death and disability worldwide. For example, in Germany, 262,000 new or recurrent strokes are diagnosed per year and 63,000 people die from the disease. This equates to one stroke every two minutes and one death from stroke every eight minutes. On top of that, most survivors suffer from longterm disabilities since nearly two million neurons die for every minute the patient remains untreated (Saver, 2006) . Eighty to 90 percent of all strokes are ischemic, meaning it is either caused by an embolus or thrombus blocking an artery (focal ischemia) or by global anoxia, in the wake of a heart attack. (Nedergaard and Dirnagl, 2005) .
As the brain is the main energy consumer in the body and depends on a steady oxygen and glucose supply SIGNIFICANCE The brain is responsible for 20% of the body's oxygen and glucose consumption, illustrating the enormous energy demands of information processing. Recent studies demonstrate a direct link between cellular energy metabolism, NKA activity and sodium regulation and indicate that breakdown of sodium homeostasis is among the first consequences of metabolic failure. While energy requirements of neurons and astrocytes differ, there are also complex metabolic interactions between these two cell types. Consequently, energy deprivation exerts differential effects on neuronal and glial sodium homeostasis. Understanding these interactions and processes will be key to understand the events triggering cellular malfunction upon metabolic failure.
by blood perfusion, the cerebral blood flow reduction during a stroke quickly leads to a situation in which the brain's metabolic demands exceed the available energy sources. This is especially pertinent in the ischemic core region, where perfusion is lowest and neurons die within minutes due to acute oxygen and glucose shortages. However, in the penumbra (the tissue surrounding the core) a basal level of perfusion is maintained that potentially allows for neuronal survival (Dirnagl et al., 1999; Moskowitz et al., 2010) . For these reasons, the ischemic penumbra has been of prime interest in preclinical and translational studies aiming to identify novel targets for stroke therapy. However, neuronal survival in the penumbra is limited by several factors. For example, during the first minutes of stroke, the available energy resources are too low to allow for a sufficient uptake of glutamate, as discussed in detail below, leading to excitotoxic cell damage. Another mechanism contributing to accelerated cell death are peri-infarct depolarizations (PID), which are repeated depolarization waves traversing through the penumbra that inflate energy consumption (Hossmann, 1996; Mergenthaler et al., 2004) . Due to their role in glutamate removal from the synaptic cleft, astrocytes are suspected to play a key role in excitotoxicity and PID development (Nedergaard and Dirnagl, 2005) .
To mimic the clinical scenario of focal ischemia, stroke research still strongly depends on in vivo models. The most common model for focal ischemia in rodents is the transient or permanent middle cerebral artery occlusion (MCAO) (Carmichael, 2005; Longa et al., 1989) . However, in order to rapidly test the involvement of a specific cellular pathway or the efficacy of a drug, single pathological events can also be imitated in cell culture (in vitro) or on brain tissue slices (in situ), e.g. by oxygenglucose deprivation (OGD) or restriction to certain metabolites (Holloway and Gavins, 2016; Richard et al., 2010) . In this review, we outline basic principles of brain energy metabolism, emphasizing the close interrelationship between neurons and astrocytes, and describe the prominent role of sodium homeostasis in cellular energy consumption. Finally, we will discuss recent data obtained in different model systems, indicating that dysregulation of sodium in both neurons and astrocytes is a key pathomechanism induced by energy deprivation and focal ischemia.
Cellular Energy Metabolism and Interaction Between Neurons and Glial Cells
Electrical signaling in the brain is based on the movement of ions across extra-and intracellular membranes. While a significant amount of ATP is used for processes not directly related to signaling (Engl and Attwell, 2015) , more than half the energy used by cells is consumed by ATP-hydrolyzing ion pumps to maintain and reestablish ion gradients between different cellular compartments (Erecinska and Silver, 1994; Somjen, 2004) .
These energy needs must be met by cellular ATP production. The main energy substrate of the adult brain is glucose, which is taken up from the blood first into endothelial cells and from there into perivascular astrocyte endfeet through the facilitative glucose transporter GLUT1 (Kacem et al., 1998; Mergenthaler et al., 2013; Vannucci and Simpson, 1997; see Fig. 1) . Glucose can diffuse through gap junctions into neighboring astrocytes and thereby be directed to regions of increased neuronal activity (Giaume et al., 2010; Rouach et al., 2008) . Neurons predominately express the facilitative glucose transporter GLUT3, which is concentrated at both dendrites and axons (Vannucci and Simpson, 1997) .
Once taken up, glucose is phosphorylated by hexokinases and thereby trapped inside the cells. Glucose-6-phosphate is further metabolized in the glycolytic pathway, generating 2 molecules of ATP and giving rise to two molecules of pyruvate. Pyruvate is transferred into mitochondria to feed the tricarboxylic acid (TCA) cycle and drive oxidative phosphorylation in mitochondria, the main pathway for ATP generation (Fig. 1) . Alternatively, glucose-6-phosphate is converted to ketones through the pentose phosphate pathway (PPP; Fig. 1 ). In neurons, the consumption of glucose through the PPP is an alternative route to glycolysis that is mandatory to maintain their antioxidant status and to protect them from NMDA-receptor-mediated excitotoxicity (Herrero-Mendez et al., 2009; Rodriguez-Rodriguez et al., 2012) . In astrocytes, glucose moieties can be stored as glycogen, the breakdown of which is stimulated in response to different transmitters and also upon elevated neuronal activity (Brown and Ransom, 2007; Gibbs et al., 2006; Hertz et al., 2015; Magistretti et al., 1993) . While there is some evidence for the presence of glycogen in neurons as well (Saez et al., 2014) , astrocytes undoubtedly represent the dominating glycogen stores of the brain (Hertz et al., 2015) .
Despite their considerable energy consumption, neurons do not contain any significant energy stores themselves, but depend on a metabolic interaction with astrocytes Marcaggi and Attwell, 2004) . In regions of high neuronal activity, glucose uptake into astrocytes is increased (Chuquet et al., 2010; Magistretti, 2006) . At the same time, the release of potassium from neurons causes a depolarization of astrocytes, activating inward sodium-bicarbonate co-transport and inducing their alkalinization, which stimulates glycolysis (Ruminot et al., 2011) . Increased astrocyte glycolytic activity results in increased production of lactate (Pellerin and Magistretti, 1994) . There is evidence that lactate is then exported through monocarbocylate transporters (MCT) from astrocytes and taken up by neurons where it is converted to pyruvate and fed into oxidative phosphorylation see Fig. 1) . While the concept of this "astrocyte-neuron lactate shuttle" has received considerable experimental support, there is still a fundamental debate on its existence as well as on the brain lactate metabolism in general (Dienel and Cruz, 2016; Dienel and McKenna, 2014; Machler et al., 2016; Pellerin and Magistretti, 2012) .
Other metabolic interactions between neurons and astrocytes are firmly established. The mutual metabolic inter-dependence between neurons and astrocytes is perhaps best exemplified at glutamatergic synapses. Glutamate released by neurons is taken up by surrounding astrocytes through high-affinity excitatory amino acid transporters (EAAT) (Fig. 1 ), a process absolutely vital to protect neurons from excitotoxic damage (Danbolt, 2001) . In astrocytes, glutamate is degraded by various enzymes (McKenna, 2007) . After its conversion to a-ketoglutarate, glutamate can be used as a metabolite and fed into the TCA cycle (Schousboe et al., 2014; Sonnewald, 2014; Sonnewald et al., 1993) . Alternatively, in the so-called glutamate-glutamine cycle, glutamate is converted to glutamine by glutamine synthase (Martinez-Hernandez et al., 1977) , exported from astrocytes by the sodium-dependent transporter SN1 and finally taken up by neurons through system A transport (Broer and Brookes, 2001; Chaudhry et al., 1999; see Fig. 1) . In neurons, astrocyte-derived glutamine is essential for the synthesis of both glutamate and GABA that are packed into vesicles for synaptic release (Bak et al., 2006; Hertz et al., 1999; Schousboe et al., 2004) .
Neuro-glial metabolic interactions are also established for white matter. There is plenty of evidence that glycogen (which is absent from neurons), is crucial for maintenance of axonal function in different white matter tracts such as the optic nerve or sciatic nerve (Brown and Ransom, 2007; Evans et al., 2013) . In analogy to the work discussed above, recent studies have also provided evidence that aerobic glycolysis in oligodendrocytes helps to feed myelinated axons. It is assumed that lactate produced by the glial cells is released by MCTs into the periaxonal space and then taken up by axons (Funfschilling et al., 2012; Hirrlinger and Nave, 2014) . In addition, an exchange of metabolites (glucose and/or lactate) through gap junctions between myelinating oligodendrocytes and white matter astrocytes is proposed.
Cellular Energy Consumption by Neurons and Astrocytes: The Link to Sodium
Maintenance of ion gradients is a prerequisite for brain function and this demands a substantial share of cellular energy. Among others, ATP is used by the plasma membrane Ca 21 -ATPase (PCMA; Fig. 1 ), which pumps Ca 21 out of the cytosol into the extracellular space (ECS). The major cellular energy consumer, however, is the Na Fig. 1 ). NKA has been estimated to be responsible for nearly 50% of the cellular ATP hydrolysis (Ames, 2000; Astrup et al., 1981; Whittam, 1962) , emphasizing the direct, imperative link between cellular sodium regulation and energy metabolism in the brain.
The NKA, which exists in several isoforms (Sweadner, 1989; Sweadner, 1992) , sets the intracellular sodium concentration of neurons and astrocytes to about 15 mM (Rose and Karus, 2013; Rose and Verkhratsky, 2016) . Because of the extracellular concentration of 145 mM (Somjen, 2004) and together with a negative cellular membrane potential, this results in a steep inwardly directed electrochemical gradient for sodium ions. This gradient energizes the secondary transport of other ions and molecules across the plasma membrane, driving the sodium-potassium-chloride co-transporter (NKCC1), the sodium-bicarbonate co-transporter (NBC), the sodium-proton exchanger (NHE) and the sodiumcalcium exchanger (NCX) just to name a few (Fig. 1) . Intracellular sodium regulation is thereby tightly coupled to that of all other major ions and breakdown of sodium homeostasis thus results in rapid secondary breakdown of their ion gradients as well (Erecinska and Dagani, 1990; Erecinska and Silver, 1994; Rose and Karus, 2013; Somjen, 2004) . In addition, the sodium gradient energizes the re-uptake of glutamate (by EAATs; Fig. 1 ) and of GABA (by sodiumdependent GABA transporters) into neurons and astrocytes, coupling sodium homeostasis to the regulation of extracellular glutamate and GABA concentrations (Kirischuk et al., 2015; Rose and Verkhratsky, 2016) .
In both neurons and glial cells, NKA activity is necessary to counteract changes in the sodium gradient due to opening of voltage-and ligand-gated channels and/or activation of sodium-dependent secondary active transporters (Ames, 2000; Rose and Verkhratsky, 2016 ; see Fig. 1 ). Because fast electrical signaling is an exclusive property of neurons, their energy consumption is especially high: it was estimated that sodium influx following action potentials requires 16 to 39 percent of produced ATP, while ion fluxes at excitatory synapses require 34 to 52 percent (Attwell and Laughlin, 2001; Hallermann et al., 2012; Harris et al., 2012; Howarth et al., 2012; Lennie, 2003) . Maintenance of glial resting potentials as well as glutamate recycling (a task to which astrocytes contribute as described above), in contrast, requires only 10 to 15 percent (Howarth et al., 2012; Lennie, 2003) .
While sodium export by the NKA requires the major share of cellular energy production in the brain, it is not so strong as to prevent accumulation of sodium under physiological conditions. Activity-induced influx of sodium can thereby result in substantial changes in the intracellular sodium concentration (Rose and Karus, 2013) . Dynamic measurements using sodium-sensitive fluorescent dyes have demonstrated that opening of voltage-gated sodium channels and action potential firing cause an increase in the sodium concentration in axons (Fleidervish et al., 2010; Kole et al., 2008) . Backpropagating action potentials can also result in dendritic sodium influx as shown in CA1 pyramidal neurons (Jaffe et al., 1992; Fleidervish et al., 2010; Jaffe et al., 1992; Kole et al., 2008; Rose et al., 1999) . Particularly prominent sodium transients, which can easily reach peak amplitudes of more than 10 mM in dendrites, are evoked in response to excitatory synaptic activity and sodium influx through glutamate-gated ion channels (Bennay et al., 2008; Lasser-Ross and Ross, 1992; Mondragão et al., 2016; Rose and Konnerth, 2001 ), see Fig. 2A . Apart from locally restricted sodium signals (arising close to activated synapses) global, synchronized sodium signaling was demonstrated in hippocampal principal neurons with recurrent network activity (Karus et al., 2015a ; see Fig. 2C ).
While astrocytes do not undergo fast electrical signaling, they do exhibit transient local or global sodium increases with glutamatergic neuronal activity as well (Kirischuk et al., 2015; Rose and Verkhratsky, 2016 ; see Fig. 2B , C). These astrocytic sodium signals are largely mediated by activation of (sodium-dependent) EAATs (Bennay et al., 2008; Bozzo and Chatton, 2010; Karus et al., 2015a; Kirischuk et al., 2007; Langer and Rose, 2009 ; see Fig. 2B ). Additional sodium influx pathways into astrocytes are provided by sodium-dependent GABA uptake (Chatton et al., 2003) , sodium-bicarbonate cotransport (NBCe1) (Rose and Ransom, 1996; Theparambil et al., 2015) as well as by different ion channels (Rose and Verkhratsky, 2016) .
As stressed above, export of sodium from neurons or astrocytes into the ECS is mediated by the NKA and thus requires breakdown of ATP. For fast recovery from locally restricted sodium loads, however, an additional mechanism comes into play that is NOT directly dependent on NKA. First evidence for this was obtained in the initial segment of central axons, where the time course of action-potential induced sodium transients was neither altered when blocking NKA pharmacologically, nor by a change in temperature, indicating that it was not directly dependent on sodium pumping (Fleidervish et al., 2010) . A recent study on CA1 pyramidal neurons has in fact shown that apart from NKA-mediated extrusion into the ECS, lateral diffusion to neighbouring, non-stimulated compartments mediates recovery from local sodium transients (Mondragão et al., 2016) .
The relative contribution of these two mechanisms depends on the spatial and temporal properties of the sodium signals. With global sodium increases encompassing the entire cell-such as those observed during recurrent network activity (Karus et al., 2015a )-, lateral diffusion is impeded and NKA activation is predominant. For recovery from local, synaptically induced sodium transients, in contrast, lateral diffusion dominates over extrusion. Consequently, recovery from global sodium signaling requires concurrent breakdown of ATP. Upon local sodium signaling, however, sodium export involving activation of the pump and ATP consumption are spatially and temporally detached from sodium influx (Mondragão et al., 2016) .
A similar concept might hold true for astrocytes. Here, sodium not only diffuses rapidly from its point of influx to non-stimulated regions inside a given cell, but also between its gap junction-coupled neighbours (Augustin et al., 2016; Langer et al., 2012) . As a result, local sodium elevations are rapidly dissipated, lowering the metabolic burden of the directly stimulated region and cell. Again, sodium must eventually be exported by the NKA, but the resulting energy needs do not surge locally, but are shared with the entire cell and network.
Energy Deprivation Results in Sodium Dysregulation
Because most ATP is generated by oxidative phosphorylation, the brain depends on a permanent oxygen supply. Interruption of oxygen and blood glucose delivery for only a few minutes results in breakdown of cellular energy production and causes irreversible cellular damage. This damage is the basis of often devastating strokes in patients as discussed above (Moskowitz et al., 2010; Nedergaard and Dirnagl, 2005) . It has been established that the increased activation of glutamate receptors and subsequent excessive influx of calcium through NMDA receptors and/or voltage-activated calcium channels are important mediators of cellular damage under pathological conditions, a phenomenon termed "excitotoxicity" (Choi and Rothman, 1990; Lee et al., 1999; Siesjo, 1994) . In the tissue surrounding the ischemic core, the so-called "penumbra," metabolism is impaired, but cell death can be prevented by timely reperfusion. Seizures represent another, albeit less dramatic, pathological condition, in which the energy requirement may exceed neuronal energy production, thereby inducing acute metabolic stress in neurons and astrocytes (Rouach et al., 2008; Sada et al., 2015; Zsurka and Kunz, 2015) .
The involvement of intracellular sodium changes in the dysfunction and injury of both neurons and astrocytes is being increasingly recognized. Many studies indeed indicate that changes in intracellular sodium, followed by disturbance in extra-and intracellular potassium and chloride concentrations as well as impaired pH homeostasis in neurons and glia are the first consequences of ATP shortage following a stroke (Hansen, 1985; Hertz, 2008; Leng et al., 2014; Somjen, 2002) . Such changes will trigger dysregulation of glutamate homeostasis, impair the function of presynaptic terminals, postsynaptic elements and dendritic spines as well as of surrounding astrocytes, and ultimately result in synaptic malfunction and Ca 21 influx (Annunziato et al., 2013; Dirnagl et al., 1999; Hofmeijer and van Putten, 2012) .
Not surprisingly, the pathways and the magnitude of harmful sodium influx differ between cell types and depending on the pathological context. The most dramatic changes are consistently observed in neurons in response to anoxia combined with ischemic conditions. In CNS white matter regions, immense increases in D-aspartate-evoked sodium transients in astrocytes under control conditions (20 mM glucose), upon removal of glucose, upon addition of NaF, as well as a combination of both. The histogram shows a quantification of changes in baseline [Na 1 ] i 6 SEM under the different conditions. Bottom: same experimental paradigm and illustration for neurons. Note that neuronal baseline does not change. B: Scheme indicating mechanism of inhibition of glycolysis by NaF. C: Scheme illustrating mechanism of inhibition of the TCA cycle by NaFAc. D: Sodium transients in a neuron (upper traces) and an astrocyte (lower traces) induced by D-aspartate under control conditions and after perfusion with NaFAc. Shifted baselines illustrate the average increase in baseline sodium concentrations with NaFAc. Right: Normalized changes 6 S.E.M. in peak amplitude of D-Asp-induced changes in sodium following application of NaFAc. Note that NaFAc does not alter neuronal transients. E: Influence of NaFAc on electrical signaling and ion transients under epileptiform activity (induced by 0Mg 21 saline with bicuculline). Top traces: Field potential recordings showing an epileptiform burst in control and with NaFAc. Right: Mean duration 6 S.E.M. of epileptiform bursts and number of population spikes of individual bursts under control conditions or with NaFAc. Center: Sodium transients in parallel to epileptiform burst in individual neurons under control conditions (upper trace) or with NaFAc (lower trace). Right: Mean 6 S.E.M. of the decay time constant of neuronal sodium transients under control conditions or with NaFAc. Bottom: same experimental paradigm and illustration for astrocytes. Taken from A: (Karus et al., 2015b) ; D, E: (Karus et al., 2015a). axonal sodium (100 mM) occurred following prolonged exposure to anoxic/ischemic conditions. These were mainly attributed to opening of non-inactivating, voltagegated sodium channels (Stys, 1998; Stys, 2004) . As mentioned above, glial glycogen stores have been shown to subsidize axonal energy demands and to exert a protective role under conditions of reduced energy availability (Evans et al., 2013) .
Studies in cultured mammalian neurons reported anoxia-induced increases in intracellular sodium of 20-30 mM within only a few minutes (Calabresi et al., 1999; Diarra et al., 2001; Friedman and Haddad, 1994; Pisani et al., 1998; Sheldon et al., 2004) and suggested a significant contribution of NHE and NCX to detrimental sodium influx. In addition, ionotropic glutamate receptors might mediate pathologically relevant influx pathways for neurons, because they allow substantial sodium influx upon their opening (Karus et al., 2015a) .
Astrocytes experience significant sodium loading in response to energy deprivation as well, as shown under culture conditions (Longuemare et al., 1999; Rose et al., 1998; Silver et al., 1997) . Like in neurons, sodiumdependent secondary ion transport mechanisms play a prominent role in astrocytes and activation of NKCC1 as well as NHE were described. The strongest activation of these transporters (and consequently the largest ion changes) usually took place upon reperfusion with standard saline, representing a phenomenon called "reperfusion paradox" (Bondarenko and Chesler, 2001; Bondarenko et al., 2005; Kintner et al., 2004; Luo et al., 2005; Rose et al., 1998) .
Compared to the stark and immediate effects that complete inhibition of metabolism has on neuronal and astrocytic sodium homeostasis, inhibition of glycolysis only produces rather mild changes. In astrocytes in culture as well as in tissue slice preparations, baseline sodium concentration only increased by a couple of mM upon removal of glucose or addition of 2-deoxyglucose (Karus et al., 2015b; Rose et al., 1998) (cf. Fig. 3A ). Despite this apparently mild increase, application of glutamate agonists demonstrated that recovery from additional sodium increases was significantly slowed, indicating significantly compromised NKA activity under these conditions (Karus et al., 2015b; Rose et al., 1998) . More severe effects on intracellular sodium homeostasis were observed in astrocytes if glycolysis was further blocked by addition of NaF (Karus et al., 2015b; Rose et al., 1998) (Fig. 3A, B) , suggesting that removal of glucose only can be compensated for by other metabolites and/or the breakdown of glycogen.
In neurons, in contrast, blocking glycolysis by removal of glucose and addition of NaF did not significantly increase baseline sodium (Fig. 3A) , indicating that the energy needs of NKA can be maintained under these conditions (Karus et al., 2015b; Mondragão et al., 2016) . Nonetheless, global sodium transients induced by repetitive glutamate application recovered significantly slower than under control conditions, demonstrating that neurons, similar to astrocytes, require intact glycolytic activity for proper NKA-mediated export of sodium (Karus et al., 2015b; Mondragão et al., 2016) . In hippocampal tissue slice preparations (which enable the study of neurons and astrocytes at the same time) addition of lactate completely rescued these effects on sodium signaling in neurons, but NOT in astrocytes (Karus et al., 2015b) . This strongly indicates that externally supplied lactate can fully substitute for glucose and glycolytic activity in neurons, but not astrocytes, thus supporting the idea that lactate released by astrocytes can feed into neuronal metabolism (Barros, 2013; Pellerin and Magistretti, 2012; Rose and Chatton, 2016; Wyss et al., 2011) .
The consequences of selective inhibition of astrocyte metabolism were recently studied by employing the selective gliotoxin sodium-fluoroacetate (NaFAc) (Karus et al., 2015a) . NaFAc is taken up by astrocytes and inhibits the enzyme aconitase, which is essential for the TCA cycle (Fonnum et al., 1997; Hassel et al., 1992; Sonnewald et al., 2002) (Fig. 3C) . NaFAc application caused a strong baseline increase in astrocytes, whereas neuronal sodium was only altered by a few mM, confirming that it predominantly acted on astrocyte metabolism (Fig. 3D ). Sodium transients induced by activation of NMDA receptors by puffing on D-aspartate were unaltered in neurons. However, D-aspartate induced sodium transients in astrocytes were significantly reduced, indicating that NaFAc reduces glial glutamate uptake (Fig. 3D) . Moreover, astrocyte sodium decreases induced by increases in extracellular potassium were significantly dampened, suggesting reduced activation of astrocyte NKA (Karus et al., 2015a) . When the system was stressed by induction of recurrent network activity, NaFAc prolonged the duration of epileptiform bursts, resulting in an increase in neuronal sodium, and dramatically prolonging accompanying sodium transients (Fig. 3E ). These data, therefore, clearly indicate that an intact astrocyte metabolism and sodium homeostasis are critical to maintain the sodium homeostasis of surrounding neurons as well as their capacity to recover from imposed sodium influx (Karus et al., 2015a) .
Altogether, these studies exemplify the distinct responses of neurons and glia to different conditions of metabolic failure as well as the close interactions between astrocyte and neuronal metabolism. Moreover, they demonstrate the rather direct link between cellular energy metabolism, NKA activity, and sodium homeostasis. Despite the tremendous importance and relevance of intracellular sodium homeostasis for brain function, many questions are still open, e. g. regarding the distinct influx pathways for sodium and the exact sequence of early events that trigger secondary events and cellular malfunction, eventually leading to cell death upon metabolic failure. To address these questions, more studies performed in the intact tissue are needed to better acknowledge the metabolic interplay between neurons and astrocytes and to further reveal the differential, cell-specific effects of energy failure on neurons and astrocytes.
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